Study design Retrospective cohort study. Objectives The purpose of the current study was to examine the effectiveness of late decompression surgery for traumatic cervical spinal cord injury (CSCI) with pre-existing cord compression. Setting Murayama Medical Center, National Hospital Organization, Tokyo, Japan. Methods In total 78 patients with traumatic CSCI without bone injury hospitalized in 2012-2015 in our institute for rehabilitation after initial emergency care were divided into four groups according to the compression rate (CR) of the injured level and whether or not decompression surgery was performed. Neurological status was evaluated by American Spinal Injury Association impairment scale (AIS), Barthel index, and Spinal Cord Independence Measure (SCIM). Results In the severe compression group (CR ≥ 40%), >2 grade improvement in the AIS was observed in 30% of patients with surgical treatment, although it was not observed in any patient without surgery. The SCIM improvement rate at discharge was 60% in the surgical treatment group and 20% in the non-surgical treatment group. In the minor compression group (CR < 40%), >2 grade improvement in the AIS was observed in 18% of patients with surgical treatment and in 11% without surgery. The SCIM improvement rate at discharge was 52% in the surgical treatment group and 43% in the nonsurgical treatment group. Conclusions These results indicate that surgical treatment has an advantage for patients following traumatic CSCI with severe cord compression. In contrast, surgical efficacy is not proved for CSCI patients without severe cord compression.
Introduction
Functional prognosis following traumatic spinal cord injury depends on primary damage, such as the dynamic mechanistic force and static pre-existing or concurrent cord compression, and secondary damage, such as edema, ischemia, and inflammation, which lead to demyelination of axons, apoptosis of neural cells, and glial scar formation in the spinal cord [1] [2] [3] [4] [5] [6] [7] . Some patients with incomplete spinal cord injury recover function to a certain extent, although others do not recover sufficiently [8] . Of the factors affecting traumatic cervical spinal cord injury (CSCI) without bone injury, pre-existing cord compression is an important issue to consider. In general, pre-existing canal stenosis does not affect severity or prognosis after CSCI [3, 5, [9] [10] [11] [12] . In contrast, greater than 50-60% canal stenosis is a key threshold as to whether deterioration of motor function occurs in patients with cervical spondylotic myelopathy and ossification of the posterior longitudinal ligament (OPLL) of the cervical spine [13, 14] . Furthermore, this phenomenon was demonstrated using an in vivo experimental rodent model [15] , and a biomechanical 3D finite element spinal cord model concluded that greater than 40% compression of the anteroposterior diameter might contribute to the occurrence of myelopathy [16] . However, the effectiveness of decompression surgery for pre-existing cord compression remains controversial. The purpose of the present study was to examine the effectiveness of late decompression surgery for pre-existing cord compression following traumatic CSCI without bone injury.
Methods
This was a retrospective cohort study. A total of 83 consecutive patients with CSCI without bone injury, who were admitted to our institute for rehabilitation after initial emergency care (it included surgical treatment) from April 2012 to September 2015, were potentially eligible for inclusion in this study. Seventy-eight patients who did not meet the following exclusion criteria were selected retrospectively: (1) patients who underwent cervical surgery before 24 h or after 90 days post-injury; (2) duration of hospitalization was less than 90 days, and (3) patients with disturbed consciousness such as brain injury or a severe mental disorder that might influence their rehabilitation training. Of 83 patients with CSCI, 5 patients were excluded and the reasons were surgery within 24 h post-injury (1 case), after 90 days post-injury (3 cases) and severe mental disorder due to dementia (1 case). The patients were divided into four groups according to the compression rate (CR) of the injured spinal cord (severe or minor compression), and whether or not decompression surgery was undertaken. The indication criteria and/or method of surgical treatment were different according to the clinician who initially managed the CSCI patient. Greater than or equal to 40% CR was defined as severe compression, and <40% was defined as minor compression. The rate of spinal cord compression was measured using the sagittal view of magnetic resonance imaging (MRI) at the time of injury. A high signal intensity area in the cervical cord on T2-weighted MR images was determined as the injured level. The rate of spinal cord compression was measured by T1-weighted MR sagittal view images and calculated using the following formula [9] : CR (%) = (diameter of cord at the injured level-diameter of the noncompression level)/diameter at the injured level ×100. In cases with OPLL, CR was calculated not in the most restricted area but in the area where a signal intensity changing was seen. We also evaluated existence of prevertebral hyper intensity area and intervertebral disc herniation on T2-weighted MR sagittal view for assessment of soft tissue damage [4] .
Neurological status was evaluated using the American Spinal Injury Association impairment scale (AIS) grade at the time of injury and discharge from our institute [17] . Functional recovery was evaluated by the modified Barthel index (BI) [18] and spinal cord independence measure (SCIM) [20] [21] at transfer and admission to our institute, at 3 months after treatment, and at discharge. Functional recovery was evaluated by the following formula [10, 22] : Improvement rate (%) = (score at 3 months or dischargescore at admission)/(100−score at admission) × 100. Statistical analyses were performed using one-way analysis of variance and post-hoc Tukey-Kramer test for comparison of longitudinal changes in the BI and SCIM of each group. t-Tests were applied to compare the average of continuous variables (age, duration of hospital stay, days of evaluation, MRI findings and surgical characteristics). Missing data for the BI and SCIM were replaced by linear interpolation in cases where the missing scores fell between two valid scores. Categorical data of AIS grade were analyzed by Fisher's exact and chi-squared tests. Statistical analyses were performed using Prism 5.0 (GraphPad Software). In all statistical analyses, significance was accepted at a value of P < 0.05.
Results
The 78 patients consisted of 66 males and 12 females, and the mean age was 67 years (range 35-91). The mean timing of initial evaluation of AIS and final evaluation were 0.2 days (range 0-4) and 243 days (range 97-594) postinjury, respectively. The mean timing of transfer to our center and the mean duration of hospital stay of our center were 46 days post-injury (range 1-132) and 190 days (range 90-530). As shown in Table 1 , most of neurological level of (27) improvement rate (%; mean (SD)) at discharge 60 (27)* 20 (28) 52 (29) 43 (33)* *P < 0.05 Fig. 1 Neurological outcomes of CSCI in AIS grade between injury and discharge from our center. a: CR ≥ 40% with surgical treatment, b: CR ≥ 40% without surgical treatment, c: CR < 40% with surgical treatment, d: CR < 40% without surgical treatment injury were C4 and C5. Pre-vertebral hyper intensity and intervertebral disc herniation were identified in 50 patients (63%) and 14 patients (18%), respectively. Of the 32 patients who were categorized in the severe compression group with a mean CR of 52%, 20 (63%) underwent surgery at a mean of 27 days after injury. Of the 46 patients who were categorized in the minor compression group with a mean CR of 21%, 11 (24%) underwent surgery at a mean of 40 days after injury ( Table 1) . As shown in Table 2 , in the severe compression group, the BI and SCIM improvement rates demonstrated significant improvement at the time of discharge only in the surgical treatment group. In contrast, in the minor compression group, there were statistically significant improvements of both the BI and SCIM at the time of discharge in the non-surgical treatment group, and of the BI in the surgical treatment group.
As shown in Fig. 1 , in the severe compression group, of the 20 patients who underwent surgery, 6 (30%) improved by more than 2 grades and 16 (80%) improved at least 1 grade in the AIS between injury and discharge. Of the 12 patients in whom surgery was not performed, no one (0%) improved by 2 grades and 5 (42%) improved at least 1 grade in the AIS (≥2 grade AIS improvement (surgical treatment vs. non-surgical treatment): odds ratio (OR) = 11.2, 95% confidence interval (CI): 0.6, 219.5, P = 0.061. Adding 0.5 to each value for calculating only this OR, ≥1 grade AIS improvement: OR = 5.6, 95% CI: 1.2, 27.4, P = 0.053, ≥1 grade AIS improvement in AIS C at injury: OR = 4.6, 95% CI: 0.5, 26.0, P = 0.0182).
In the minor compression group, of the 11 patients who underwent surgery, 2 (18%) improved by >2 grades and 10 (91%) improved at least 1 grade in the AIS between injury and discharge. Of the 35 patients without surgical treatment, 4 (11%) improved by >2 grades and 28 (80%) improved at least 1 grade in the AIS (≥2 grade AIS improvement: OR = 1.72, 95% CI: 0.27, 10.99, P = 0.619, ≥1 grade AIS improvement: OR = 2.50, 95% CI: 0.27, 22.9, P = 0.658, ≥1 grade AIS improvement in AIS C at injury: OR = 0.7, 95% CI: 0.1, 8.5, P = 1.00).
Discussion
In this study, we observed two major findings. First, a significant recovery of daily activity and motor function was obtained by late surgical decompression in the severe compression group. Second, CSCI patients with minor compression recovered sufficiently without surgical treatment.
Kawano et al. [9] demonstrated that there was no difference between surgical treatment and conservative treatment in CSCI patients with a cord CR >20% in their multicenter prospective study. In contrast, the surgical outcomes in patients with cervical spondylotic myelopathy or OPLL demonstrated that postoperative recovery was poorer in those with severe cord compression [23] [24] [25] , and the duration between the onset of the initial symptoms and surgery was correlated with negative clinical results in patients with OPLL of the cervical spine [26] . Furthermore, neurological recovery was seen with decompression surgery in patients with CSCI associated with OPLL who had gait disturbance before injury [27] . Other authors have advocated the efficacy of decompression surgery for CSCI [28] [29] [30] [31] . In the present study, in the severe cord compression group, although the non-surgical treatment patients did not recover significantly in the BI, SCIM, and AIS, the surgical treatment patients recovered significantly. In the minor compression group, in contrast, sufficient functional improvements were acquired even by conservative treatment. These results indicate that neurological recovery tends to be interrupted by severe cord compression, and decompression surgery can be effective when the CR is severe or above a threshold level.
On the contrary, surgical treatment has not contributed to prognosis after CSCI with minor cord compression. Kawano et al. [9] reported that a CR of~20% was the threshold for an indication for decompression surgery. In comparison with our study, a CR of 20% (the average CR of the former study was 28.7%) would be classified as minor compression, and the lack of an obvious advantage of surgical treatment in their study is consistent with our findings.
The timing of surgical intervention in the present study was limited to the late phase, which was defined as greater than 1 day (24 h) and less than 90 days after injury. The reason that we excluded operation after 90 days post-injury is the neurological recovery after injury becomes plateau between 3 and 6 months after injury [9] . So, if a surgical treatment would be performed after 90 days post-injury, we forecast that the surgical effectiveness and neurological recovery might be limited. The effectiveness of early vs. late decompression surgery for CSCI on neurological recovery is controversial [32] [33] [34] [35] [36] . Newton et al. [37] reported that the time from injury to reduction was important for reperfusion of the spinal cord in CSCI patients with a major dislocation. Guest et al. [38] reported that a greater improvement was observed in CSCI patients with acute disc herniation or fracture/dislocation who underwent surgical treatment before 24 h than in those who underwent surgery in the later phase. In contrast, there was no significant difference in surgical efficacy between early and late surgery for CSCI patients with spinal stenosis. Furthermore, preexisting canal stenosis is not always an impediment due to the potential restructuring of spinal cord blood flow, which was proved in an in vivo experimental animal study [2] . In the present study, although the timing of surgical treatment was limited after 24 h, a remarkable improvement was obtained in CSCI patients with severe cord compression. It indicated that pre-existing cord compression might have a positive influence on the spinal cord in terms of compensational blood flow, and concurrent stenosis might not exist paradoxically.
The limitations of this study were retrospective study, the small number of patients assessed, and the indication criteria and/or method of surgical treatment were different according to the clinician who initially managed the CSCI patient. So, assessments of soft tissue damage such as ligamentous injury and existence of instability were not considered uniformly. Furthermore, ASIA motor score was not recorded in all the cases because of diversity of clinician concerning before transfer to our center. In addition, certain factors, such as injured level and degree of paralysis, were not matched between the groups. Although the number of patients was small and the methods of management were different from a statistical standpoint, our findings suggest an efficacy of late surgical treatment for CSCI patients with severe cord compression. Concerning the difference in the degree and level of injury, we did not use average scores to evaluate paralysis, but instead used the ratio of improvement in the SCIM in each patient, which enabled us to assess neurological recovery more sensitively and uniformly from the viewpoint of daily performance. Furthermore, we set the duration of hospital stay was limited to over 90 days. It enable patients to receive adequate rehabilitation training for achievement of abilities of daily life and we could assess whether the neurological recovery became plateau.
In this study, cord CR did not reflect the severity of injury, which is consistent with former studies [10, 11] . However, it is also known that cord compression itself is a risk factor for traumatic CSCI [30, 39, 40] . From the viewpoint of the prevention of further SCI and subsequent neurological deterioration, decompression surgery for CSCI with severe cord compression would provide a potential advantage over conservative management. A randomized prospective trial designed to evaluate the efficacy of surgical treatment for CSCI from multiple viewpoints such as cord compression, traumatic force, soft-tissue damage, spasticity and instability is necessary for further study.
Conclusions
In conclusion, this study indicated that decompression surgery could be an option for patients with severe cord compression even in the late phase. In contrast, because good functional recovery was obtained by conservative treatment, decompression surgery is not always necessary for CSCI patients without severe cord compression. In consideration of the high risk of complications after CSCI, adequate caution should be taken according to the overall condition of individual patients.
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